Abstract: This study was conducted to evaluate a strategy of using feeding stalls to protect low-ranking sows in group-housing systems. Sows (n = 150, parity 1-9) were mixed at weaning in pens of 15 sows. Control pens allowed sows to access feeding stalls for 1 h of feeding daily during the initial 2 d after mixing. Treatment pens allowed sows to access feeding stalls continuously. Social rank was determined based on outcomes of aggressive interactions among sows after mixing. Low-ranking sows used the feeding stalls more frequently (P < 0.01) than highranking sows during the initial 6 h after mixing. Continuous stall access reduced frequency of aggressive interactions (P = 0.05) and, consequently, reduced skin lesions (P = 0.05) of sows in the pen. Neither continuous access to stalls nor social rank affected performance of sows. These results suggest that low-ranking sows used feeding stalls as hiding spaces to escape from aggressive interactions during mixing, which reduced skin lesions caused by aggression and improved the welfare of sows in the group-housing system studied.
Introduction
In group-housing systems, the welfare level of individual sows can vary greatly depending on the social rank of the sow. Low-ranking sows are usually considered vulnerable to social stress and may suffer from poor welfare in a group (Arey and Edwards 1998; Bench et al. 2013) . O'Connell et al. (2003) reported that low-ranking sows sustained more skin lesions caused by aggression than high-ranking sows; and Ison et al. (2010) noted that lowranking sows had fewer chances to rest in preferred areas of a pen and were frequently threatened by highranking sows. Furthermore, social rank may affect the reproductive performance of sows (Kranendonk et al. 2007; Hoy et al. 2009a) .
A variety of group-housing systems exists, and each can affect the welfare and performance of sows (Task Force Report 2005) . A well-designed group-housing system should be able to control individual feed intake and minimize aggression among sows during mixing and feeding (Gonyou 2005) . One of the group-housing systems which can meet such criteria is group pens equipped with gated feeding stalls. This feeding system allows sows to consume their rations in stalls so that individual feed intake and aggression during feeding can be controlled. In addition, continuous access to stalls during the mixing period may protect sows from fighting to establish dominance and, consequently, reduce injuries caused by fighting and ease the formation of hierarchy in a group (Barnett et al. 1993 ). However, this has yet to be proven in animal trials. In this study, we investigated whether feeding stalls could be used by sows as hiding spaces to escape from fighting, resulting in reduction of aggression and improvement of welfare of sows. More specifically, we examined the behavior, welfare, and performance of sows of differing social rank in pens with and without continuous access to feeding stalls during the mixing period. Because social rank is related to aggressiveness of the sow and aggression is heritable in pigs (Lovendahl et al. 2005; Turner et al. 2009; Ison et al. 2010) , the effect of social rank of sows on the behavior and performance of their offspring was also investigated.
Materials and Methods
The Institutional Animal Care and Use Committee of the University of Minnesota reviewed and approved the experimental protocol for this study.
Animals, housing, and management
The study was conducted at the University of Minnesota's West Central Research and Outreach Center in Morris, MN, from Dec. 2011 to Mar. 2013 . Sows that had farrowed at least once were used in this study. All sows (Yorkshire × Landrace) were group housed during gestation in a straw-bedded hoop barn as described previously (Li et al. 2012 ). The gestation barn had four pens, each accommodating 15 sows. Each pen was equipped with 15 individual feeding stalls and a bowl drinker with two drinking spaces on concrete floors. Each stall (188 cm × 46 cm × 122 cm in height) was equipped with an individual dry feeder (37 cm × 34 cm, Crystal Spring S2-15-D, Gro Master Inc., Omaha, NE) at the front and a gate at the back end of the stall. All rear gates of the stalls in a pen can be opened and closed simultaneously by using a control lever. Sows were fed 2.5 kg of a gestation diet in feeding stalls once daily between 07:00 and 08:00 h. Both the gestation and lactation diets were corn-soybean meal-based diets and formulated to meet or exceed NRC (1998) nutritional requirements. At feeding, when all sows entered the stalls of their own choosing, sows were locked in the stalls for about 30-60 min to allow them to consume their rations. After feeding, the rear gates of the stalls were opened and remained open until the next feeding cycle. Except for the space occupied by feeding stalls and the drinker, other areas (762 cm × 439 cm) in each pen were bedded with straw to a depth of 20-30 cm. Floor space allowance of bedded areas was 2.2 m 2 sow −1 . Sows were housed in the gestation barn from weaning to about 110 d of gestation when they were moved to a farrowing barn.
Each breeding cohort consisted of 30 sows which were mated using artificial insemination within a 5-d period in gestation pens. Among the pregnant sows in each breeding cohort, 24 sows farrowed in a bedded, groupfarrowing barn, and the rest farrowed in individual crates in a confinement-farrowing barn, as described previously (Li et al. 2010) . For this study, data collection during the lactation period occurred only in the groupfarrowing barn, which is described here briefly. The group-farrowing barn consisted of three identical farrowing rooms. In each room, eight sows shared two dry feeders with three feeding spaces per feeder and two cup drinkers in a communal area. Eight sows, consisting of four low-ranking and four high-ranking sows (see data collection for sow ranking) from the same gestation pen, were allocated to each of the farrowing rooms. There was no mixing of unfamiliar sows in the farrowing barn. Sows farrowed in individual pens (180 cm × 240 cm) of their own choosing. Each pen was bedded to a depth of 15 cm with chopped straw on top and wood shaving underneath. At the center of the front panel of the pen, an open door allowed the sow to enter and exit the pen freely. Pens did not provide anticrush rails, supplemental heating, or creep areas. All sows farrowed naturally without artificial synchronization. Sows in each room farrowed within 3-4 d. Cross fostering was conducted within 24 h after farrowing among sows in the same social rank, with the goal of achieving live litter size of 12 piglets. Only piglets that were heavier than the mean weight within litter were moved to a foster sow to ensure their compatibility in the recipient litter. Piglets were processed when the youngest litter in the room reached 3 d of age. Piglet processing included docking tails, clipping teeth, iron injections, castration, and ear tagging or notching. Piglets remained in the farrowing pens until about 10 d (10 ± 2.3 d) of age, at which time the pens were removed from the rooms. Consequently, piglets from eight litters in each room were commingled with the presence of their dams. Piglets were weaned at about 5 wk (34 ± 2.3 d) of age. During the period between pen removal and weaning, eight sows and their litters in a room were housed as a group on a bedded floor (920 cm × 970 cm). During that period, creep feed was provided in a 5-space nursery feeder in a creep area (200 cm × 240 cm). This practice was performed to compensate less competitive piglets for possible missed nursing events in the group-farrowing housing system. Piglets farrowed in the confinement barn were also weaned at 5 wk of age. After weaning, sows were moved to the gestation hoop barn where they started a new breeding cycle.
Experimental design
To determine whether feeding stalls can be used by sows as hiding spaces from fighting during initial periods of mixing, two gestation pens were designated to one of the two treatments: continuous access and limited access to feeding stalls. In the continuous-access pen, sows had access to feeding stalls all the time as they were normally managed (see "Animal, housing, and management" section). To maintain the feeding period consistently across pens, sows were locked in the feeding stalls for 1 h to allow them to consume their daily ration. Then the feeding stalls were opened and remained open until the next feeding time. In the limited-access pen, sows were allowed access to the feeding stalls only during the feeding period for the first 2 d of mixing. The 2-d treatment period was decided based on previous studies as reviewed by Spoolder et al. (2009) which showed that fighting for dominance hierarchy and associated skin lesions in sows mainly occurred during the initial 48 h after mixing. Sows in the limited-access pen were locked in the feeding stalls for 1 h during the feeding period, as were the sows in the continuous-access pen. After feeding, sows in the limited pen were locked out of the feeding stalls and remained in the bedded areas until the next feeding cycle. From the third day through the rest of the gestation period, sows in both treatment pens had continuous access to feeding stalls.
Five breeding cohorts, representing five replicates, were used for this study. Each breeding cohort consisted of 30 sows that were all weaned on the same day. Within each breeding cohort, the sows were divided into 2 groups of 15 sows each, with one group assigned to a continuous-access pen and the other group to a limitedaccess pen. All sows remained in their assigned pens throughout the entire gestation period, to maintain consistent floor space allowance and social dynamics of each group. All sows used in the study had been housed in the group-housing system during their previous gestation.
At allocation into treatments, sows were sorted by parity (parity 1, parity 2, and parities 3-9) and familiarity. Sows that had farrowed their first litters were defined as parity 1. Unfamiliar sows were defined as sows that had not been housed in the same group at least during the last 4 wk (Spoolder et al. 1996; Hoy and Bauer 2005) . In this particular study, unfamiliar sows originated from either different farrowing rooms or different farrowing crates. Housing during previous gestation was not considered in defining familiarity. To balance familiarity, sows in each gestation pen consisted of three groups of four sows, with each group originating from different group-farrowing rooms, and three sows that originated from individual farrowing crates. In addition, the frequency composition by parity in each pen was also balanced at allotment between the two treatment groups.
Data collection Sow performance during gestation
All sows were weighed individually before mixing into gestation pens and before moving for farrowing. Meanwhile, back fat thickness was measured, and body conditions were visually assessed. Back fat thickness was measured using an ultrasonic scanner (Lean-meater, Renco; Minneapolis, MN) at the P2 position which was 65 mm down the left or right side from the midline at the level of the head of the last rib, according to the procedure recommended by the NSW Government (2011). Body conditions were assessed using a five-scale scoring system developed by Coffey et al. (1999) .
Aggression at mixing and rank index of the sow All sows were mixed between 09:00 and 10:00 h in their designated gestation pens on the day of weaning. To assess dominance hierarchy, aggressive interactions among sows during mixing were video recorded. Before mixing, all sows in each pen were marked with large numbers on their backs for individual identification during video recording. Two digital cameras (Hi-Res Bullet Cams 2505, Sony, Taiwan) were installed above each pen, one at the back and another at the front of the pen. The cameras were connected to a computer equipped with a time-lapse DVR device and videorecording software (Geo Vision Multicam Digital Surveillance System V8.2; USA Vision Systems Inc., Irvine, CA). Video recording began immediately after all sows entered their pens and continued for 48 h. Aggressive interactions among sows were classified into three categories, including parallel and inverse parallel pushing, biting, and knocking, and threats according to the behaviors described by O'Connell et al. (2003) and Ison et al. (2010) . Parallel and inverse parallel pushing were defined as sows that stand side by side and push hard with the shoulders against each other, generally performed with frequent bites. Biting and knocking were defined as a sow delivering rapid bites or knocks with the snout against the head or body of the receiver. Threats were defined as a sow lunging the head toward another sow without any physical contact and resulting in another sow withdrawing (O'Connell et al. 2003) . All video recordings were viewed by a trained researcher. After previewing the video recordings, a decision was made to register aggression among sows for the initial 6 h after mixing when the majority of aggressive interactions occurred. All aggressive interactions were thus registered for 6 h in each pen. Individual sows that were involved in each aggressive interaction were identified. Outcomes (won, lost, and stand-off) of aggressive interactions were registered for each sow on a 15 × 15 winner-loser matrix (Hoy and Bauer 2005) . Based on the number of wins and losses of aggressive interactions, a rank index (RI) was calculated for each sow using the equation (Langbein and Puppe 2004; Hoy et al. 2009a 
, where S = the number of wins, Ps = the number of opponents that the sow had defeated, N = the number of defeats, Pn = the number of opponents that the sow was defeated by, and n = the total number of sows in the pen. Based on the RI, sows in each pen were ranked in order from 1 to 15, with rank 1 being the most dominant and rank 15 being the most subordinate. For further data analysis, sows ranked 1-5 were defined as high-ranking sows, sows ranked 6-10 as middle-ranking sows, and sows ranked 11-15 as low-ranking sows.
Stall usage by the sow
To determine whether sows used the feeding stalls as hiding spaces to avoid aggressive interactions during the period of mixing, stall usage by sows in continuousaccess pens was video recorded. The video recordings were analyzed for the initial 10 h after mixing. The method of instantaneous scan sampling (Martin and Bateson 1993) was applied, and each pen was scanned at 5-min intervals for a total of 120 times. At each scanning, sows that stayed in feeding stalls were identified and registered. Time spent in feeding stalls was calculated for each sow according to the method described by Martin and Bateson (1993) .
Skin lesions caused by aggression
All sows were assessed before mixing and 48 h after mixing for fresh skin lesions. Skin lesions were assessed using the methodology of Hodgkiss et al. (1998) , which combined scores of 0-3 from 12 surface regions of the body, including two ears, snout, two shoulders, two flanks, two hindquarters, top of the back, tail, and vulva. The scoring system was 0 = no injury (skin unmarked: no evidence of injury from agonistic behavior), 1 = slight injury (<5 superficial wounds), 2 = obvious injury (5-10 superficial wounds and (or) ≤3 deep wounds), 3 = severe injury (>10 superficial wounds, and (or) >3 deep wounds). Because there were very few fresh skin lesions before mixing, injury scores at 48 h after mixing were used to estimate skin lesions caused by aggression during the period of mixing.
Fear responses
Fear responses of sows were assessed at 5 wk after mixing using the method of "return to human in home pen test" as described by Scott et al. (2009) . Briefly, the test was carried out as a three-step procedure. In step 1, a handler slowly moved to the "start" position of 50-100 cm away from the test sow, and remained motionless in a relaxed posture with hands by his sides for 10 s. In step 2, the handler approached the head end of the test sow, squatted down, and remained motionless for 10 s. In step 3, the handler attempted to touch the sow between the ears and maintain contact for 10 s. The behavioral responses of the sow were evaluated using a scale of 0-6 (with 0 being the most fearful and 6 being the least fearful) as follows: 0 = the sow withdrew from the start position (step 1), 1 = the sow withdrew initially but then approached the handler, 2 = the sow withdrew and remained withdrawn while the handler crouched down in front of the sow (step 2), 3 = the sow withdrew initially but then approached the handler, 4 = the sow withdrew when the handler attempted to touch her between the ears and stayed withdrawn (step 3), 5 = the sow initially withdrew but then approached the handler, and 6 = the sow allowed the handler to touch her between the ears without any withdrawal response. The tests were conducted in both treatment pens on the same day between 13:00 and 15:00 h. Within each pen, the order of assessment for an individual sow was determined randomly. All sows were assessed by one handler and one observer who recorded the sow responses.
Salivary cortisol
Saliva samples were obtained from two highranking sows and two low-ranking sows in each pen at 5 wk after mixing. All samples were collected between 13:00 and 14:00 h using absorbent cotton swabs of "Salivette" (Sarstedt Akeiengesellschaft & Co. Numbrecht, Germany). To avoid cortisol concentrations being increased by handling stress, the cotton swab was secured to a 150-cm dental floss and placed in the feeder or on the ground in front of the sow who was allowed to chew on the swab for about 30 s or until the swab was saturated. Saliva was removed by centrifugation at 1500g for 5 min at 4°C and frozen at -20°C for subsequent analysis. Cortisol concentration was determined by RIA according to the method of Cook et al. (1997) . All salivary samples were analyzed in one assay. The intra-assay variation was 9.4%. The sensitivity of the assay was 40 μg mL −1 .
Heart rates
Sows that were selected for salivary sampling were also used for measurement of heart rates at 5 wk after mixing. Heart rates were measured using Polar heart rate monitors (Polar Equine RS 800 CX Science Heart Rate Monitor, Polar Electro Oy, Kemplele, Finland). The monitors consisted of an electrode belt, a clip-on transmitter, and a wrist-watch receiver. The receiver had a memory function and stored data from the transmitter. After the skin surface of the sow was cleaned and dried, the electrode belt was fitted around the thorax of the sow just behind the forelimbs. One electrode was positioned in the ventral midline while the other was located on the left side of the thorax in line with the olecranon process of the forelimb. Electrode cream (Buh-pump TM , Paceline Products, Inc. Pleasant Valley, MO) was applied directly to the skin that touched the surfaces of the electrodes. The signal was tested using the receiver watch, and where necessary, the belt was adjusted about 10 cm ventrally or dorsally until the signal was consistent. The receiver was then activated to start recording. Heart rate was measured for 2 min at 5-s interval for each sow.
Farrowing performance
At farrowing, the number of sows that farrowed was recorded, from which the farrowing rate (the number of sows that farrowed/the number of sows that were assigned to the study × 100%) was calculated. Litter sizes at birth (total born, born alive, and stillborn) and at weaning were recorded for each sow. The number of piglets that were cross fostered, individual weights of live piglets at birth (within 24 h after farrowing) and at weaning was also recorded. In addition, the number of piglet deaths during the period of lactation was recorded for each sow.
Behavior of piglets
To evaluate whether social rank of a sow affects behavior of her piglets, aggressive interactions among piglets born to high-ranking sows and low-ranking sows were recorded after the farrowing pens were removed from the group-farrowing rooms. Sixteen focal piglets were selected for behavioral observation in each room. The focal piglets consisted of two piglets (a male and a female) from each litter, with their body weights close to the litter mean (within SD of the mean). The focal piglets were identified for their sex and maternal social rank by marks painted on their backs. Aggressive interactions that involved focal piglets were recorded for the initial 2 h after mixing. Parallel and inverse parallel pushing, and biting and knocking, as defined for the sows, were registered through live observations. The number of aggressive interactions, identification of the focal piglets involved, and outcomes (win, loss, or stand-off) of the interactions were recorded. The two farrowing rooms were observed simultaneously by two trained observers. To minimize interobserver variation, each observer recorded the behavioral data for an hour in one room and switched to another room for the next hour.
Data analyses
Data were analyzed using the SAS software package (SAS 2012 ). All data were tested for normal distribution using the Univariate Procedure of the SAS. Data that were not distributed normally were transformed using logarithm [X′ = log 10 (X + 1) + 0.5] to achieve normal distribution (Zar 1999) . Because the number of cross foster was minimal (<1% of born alive) due to the limited number of sows in the same social rank that farrowed on the same day, the data of cross foster were not included in data analysis. For data analysis of farrowing rate, both the frequency procedure with chi-square test and the Glimmix procedure were used to examine effects of pen treatment and social rank. The Glimmix procedure was used to analyze the other variables. Within the Glimmix procedure, the Poisson model was used for the analysis of count data (injury scores, fear scores, condition scores, heart rates, the number and outcomes of aggressive interactions, and litter size), and the Gaussian model was used for analysis of continuous data (body weight, back fat thickness, cortisol concentrations, and time spent in feeding stalls). For all data analysis excluding the data of time spent in feeding stalls, the models included pen treatment, social rank, and their interaction as fixed effects. For data analysis of time spent in feeding stalls, the model included social rank as the fixed effect. To examine whether sows used stalls more often during the initial 6 h than the later period of mixing, the data were tested for three periods, including the period of 0-6 h, the period of 6-10 h, and the entire period of 0-10 h. To analyze behavior and performance of sows during gestation, social rank group within pen was used as the experimental unit. To analyze farrowing performance (litter size and piglet weights), sow was used as the experimental unit. For data analysis of the behavior of piglets, maternal social rank within farrowing room was the experimental unit. In all cases, block (contemporary breeding cohort) served as the random effect. Differences between means were tested by PDIFF with the Tukey adjustment for multiple comparisons. Significant differences between means were identified at P < 0.05 and trends at P < 0.10.
Results
Among the 150 sows that were assigned to the study, 116 sows farrowed, resulting in an average farrowing rate of 77%. Neither gestation pen treatment nor social rank affected farrowing rates (Table 1 ). In addition, gestation pen treatment did not affect other variables of sow performance, including weight change during gestation and lactation, body weights, back fat thickness, and condition scores before farrowing (all P > 0.10). High-ranking sows were in the highest parity (P < 0.001) with the heaviest weight (P < 0.001), low-ranking sows were in the lowest parity with the lightest weight, and middle-ranking sows were intermediate for both parity and body weight. Body conditions and back fat thickness did not differ among sows in different social ranks.
Sows in pens with continuous access to feeding stalls performed fewer aggressive interactions (39.9 vs. 51.4 sow −1 6 h −1
; P = 0.05; Table 2 ) than sows in pens with limited access to feeding stalls. This was partly due to the fact that sows in continuous-access pens displayed fewer knocks and bites (29.9 vs. 40.5 sow −1 6 h −1 ; P < 0.05) than sows in limited-access pens. Pen treatment did not affect the number of parallel pushing or threats (all P > 0.10) among sows. Social rank affected the total number of aggressive interactions (P < 0.01), with high-ranking sows involved in aggressive interactions most frequently, middle-ranking sows least frequently, and low-ranking sows intermediate. These differences were associated Note: Mean values without a common lowercased letter differ (P < 0.05).
a Limited represents that sows were allowed to access feeding stalls only for the feeding period, whereas continuous represents that sows were allowed to access feeding stalls all the time during the initial 48 h after mixing. Sows were categorized as high, middle, or low rank based on outcomes of aggression at mixing. Sows were mixed in gestation pens at weaning.
e Sows were moved for farrowing at 110 d of gestation. f Sows were weaned at 5 wk after farrowing.
with differences in knocks and bites (P = 0.001) among ranked groups. However, social rank did not affect the number of parallel and inverse parallel pushing interactions that occurred. Furthermore, there were no interactions between pen treatment and social rank for aggression among sows (all P > 0.10).
Continuous access to stalls reduced scores for skin lesions at 48 h after mixing (Table 2) . Sows in continuous-access pens had lower total injury scores (P = 0.05) compared with sows in limited-access pens. Social rank tended (P = 0.06) to affect injury scores, with low-ranking sows tending to have higher injury scores (more scratches) than high-ranking sows. There were no interactions between pen treatment and social rank for injury scores (all P > 0.10). Fear scores were not affected by gestation pen treatment (P > 0.10; Table 2 ). However, low-ranking sows had lower fear scores (P = 0.01), indicating that they were more fearful than middle-and high-ranking sows. Neither pen treatment nor social rank affected heart rates or salivary cortisol concentrations of sows during gestation.
Low-ranking sows spent more time (P = 0.01; Table 3) in feeding stalls than high-ranking sows during the first 10 h after mixing. The difference was attributed to stall usage by the sows during the initial 6 h, with lowranking sows spending 27.2%, middle-ranking sows spending 19.5%, and high-ranking sows spending 7.0% of their time in feeding stalls (P < 0.01). During the last 4 h (6-10 h), however, no difference in stall usage was observed among sows in different social ranks.
Neither gestation pen treatment nor social rank of sows affected litter sizes or piglet weights that sows farrowed and weaned (all P > 0.10; Table 4 ). Low-ranking sows lost fewer piglets (2.8 vs. 4.0 pigs litter −1 , SE = 0.51; P < 0.05) than high-ranking sows, which was confounded with sow parity. When mixed with other litters in the farrowing barn at 10 d of age, piglets born to low-ranking sows fought as frequently (1.7 vs. 2.1 fights pig −1 2 h −1 , SE = 0.38; Table 5) as piglets born to high-ranking sows. However, they won more fights (23.1% vs. 18.6% of total fights, SE = 2.27; P = 0.01) than piglets born to high-ranking sows. Note: Mean values without a common lowercased letter differ (P < 0.05).
a Limited represents that sows were allowed to access feeding stalls only for the feeding period, whereas continuous represents that sows were allowed to access feeding stalls all the time during the initial 48 h after mixing. Sows were categorized as high, middle, or low rank based on outcomes of aggression at mixing. Data were transformed using logarithm [X′ = log 10 (X + 1) + 0.5] to achieve normal distribution. e Fear scores were assessed for each sow at 5 wk after mixing in gestation pens, with score 0 representing most fearful and score 6 representing least fearful.
f Heart rates were measured on 40 focal sows, representing 20 high-ranking sows and 20 low-ranking sows in continuous-access and limited-access pens, and the measurements were taken place during wk 5 after mixing in gestation pens.
g Salivary samples were taken on the same focal sows before the measurement for heart rates.
Discussion

Effect of social ranking on welfare and performance of sows
This study demonstrated that low-ranking sows fought less frequently at mixing than high-ranking sows. However, they tended to sustain more skin lesions than high-ranking sows, which compromised their welfare. Because low-ranking sows were defeated more frequently, they may have tried to avoid aggressive interactions with other sows which may explain why they fought less frequently than higher ranking sows. Similar results have been reported by other researchers. Hoy and Bauer (2005) and Kongsted (2005) reported that low-ranking sows fight less frequently than high-ranking sows at mixing in group-housing systems. Fighting among pigs usually causes scratches and skin lesions (Stukenborg et al. 2011) . Turner et al. (2009) reported that skin lesions were positively related with the number of fights in which sows were involved. In fact, skin lesions caused by fighting is related not only to the number of fights that the sows were involved in but also how the sows were involved. Hemsworth et al. (2013) demonstrated that low-ranking sows received more fights and high-ranking sows initiated more fights in group pens. They suggested that sows who received fights were more likely to get injured. Similar results have been reported by Ison et al. (2010) and Krauss and Hoy (2011) that low-ranking sows sustained more skin lesions due to more attacks received in the group than high-ranking sows. Likewise, Stukenborg et al. (2011) noted that skin lesions caused by fighting are positively related to the number of attacks that a sow received, instead of the number of fights that a sow initiated. So, although low-ranking sows fought less frequently, they may have received more attacks, resulting in more skin lesions than high-ranking sows.
Low-ranking sows also had lower fear scores, indicating that they were more fearful than middle-and high-ranking sows. The reason for this may be that lowranking sows had been defeated frequently at mixing.
Fearfulness may help low-ranking sows stay away from conflicts with higher ranking sows in the group. However, fear can induce chronic stress and cause welfare complications (Boissy 1995; Rushen et al. 1999; Janczak et al. 2003) . Chronic stress can be evaluated by hypothalamic-pituitary-adrenal axis activity (von Borell et al. 2007; van der Staay et al. 2010) . In attempt to assess chronic stress, we measured salivary cortisol concentrations and heart rates after stable social groups were established. However, we did not observe difference in cortisol concentrations or heart rates between lowranking and high-ranking sows. Similar to our results, Zanella et al. (1998) and Hemsworth et al. (2013) reported no difference in cortisol concentrations between high-and low-ranking sows. Nevertheless, chronic stress is not well understood (Novak et al. 2013) , and further investigations are needed to identify indicators for chronic stress.
In the current study, low-ranking sows gained similar weight during gestation as high-ranking sows in the group-housing system studied. This may be not the case for group-housing systems with competitive feeding systems, such as a floor feeding system. Hemsworth et al. (2013) reported that low-ranking sows gained less weight in a group-housing system with floor feeding. Gonyou (2005) pointed out that the welfare of lowranking sows in group-housing systems depends on the feeding system. When the feeding system can protect individual sows while consuming their rations, it can alleviate complications in the welfare of low-ranking sows.
In general, the farrowing performance of low-ranking sows was not different from that of middle-or highranking sows. The average farrowing rate in the current study was 77%, which was lower than the industry norms (PigChamp 2011). The farrowing rates in the current study were calculated based on the number of sows that were selected for breeding at weaning, not based on the number of sows that were bred. Among the sows selected for breeding and assigned to the study, 7% sows did not show estrus and were not bred. This partly contributed to the low farrowing rates observed in the current study.
In this study, sow parity varied from 1 to 9, with majority sows in the range of parity 1-5. When there is variation in parity among sows in a group, young and lightweight sows usually become low-ranking sows as observed in the current study. This is because young sows are less experienced and smaller in size compared with the old sows. Arey (1999) , O'Connell et al. (2003) , and Hoy et al. (2009b) reported similar results to ours that high-ranking sows were in higher parity and heavier than low-ranking sows in the group. Separating young sows from older sows may improve the welfare of low-ranking sows (Li et al. 2012 ).
Access to feeding stalls by low-ranking sows
This study demonstrated that low-and middleranking sows spent more time in feeding stalls than Note: Mean values without a common lowercased letter differ (P < 0.05).
high-ranking sows during the period of mixing. The difference in stall usage among low-, middle-, and highranking sows resulted from the difference during the initial 6 h after mixing. This appears to coincide with the pattern of fighting intensity among sows after mixing. Sows usually fight frequently and intensively during the initial hours after mixing and slow down as time passes (Arey 1999) . In a previous study (Li et al. 2012) using the same genetics and the same research facility as in the current study, we found that sows fight more frequently and for longer durations during the initial 6 h than any other period during the 72 h after mixing. Similar results have been reported by other researchers (Moor et al. 1993; Mount and Seabrook 1993; Arey 1999) . It seems that low-ranking sows spent more time in feeding stalls when more fights occurred in the pen. It is possible that sows used feeding stalls to stay away from fighting. We noticed that sows of all social ranks spent some time in feeding stalls during the observation periods. An interesting observation was that middleand low-ranking sows spent more time in the stalls during the initial 6 h than during the latter period after mixing, while high-ranking sows spent similar time in stalls for both periods. These results suggest that middle-and low-ranking sows may have used feeding stalls as hiding spaces to avoid aggressive interactions with other sows when fighting was intense. Given that feeding stalls were on concrete floors and other areas in the pen were bedded with straw, feeding stalls were not considered comfortable places for sows to rest. Instead of this, middle-and low-ranking sows still spent significant amounts of their time (27% and 20% of their time, respectively) in feeding stalls during the initial 6 h of mixing. This suggests that lower ranking sows avoid aggressive interactions with other sows by giving up the prime bedded areas. This is consistent with the results reported by Elmore et al. (2011) that low-ranking sows chose to stay in stalls rather than staying in enriched areas to escape Limited represents that sows were allowed to access feeding stalls only for the feeding period, whereas continuous represents that sows were allowed to access feeding stalls all the time during the initial 48 h after mixing. Sows were categorized as high, middle, or low rank based on outcomes of aggression at mixing. Piglets were weaned at 5 wk after birth. Limited represents that sows were allowed to access feeding stalls only for the feeding period, whereas continuous represents that sows were allowed to access feeding stalls all the time during the initial 48 h after mixing. c Sows were categorized as high, middle, or low rank based on outcomes of aggression at mixing. aggressive interactions with other sows. Likewise, RiojaLang et al. (2013) noted that low-ranking sows spent more time than higher ranking sows in free access stalls to prevent being threatened or attacked in communal areas.
In general, sows in continuous-access pens were less involved in aggressive interactions than sows in limitedaccess pens. The total number of aggressive interactions during the initial 6 h was reduced from 51 interactions sow −1 in the limited-access pens to 40 interactions sow −1
in the continuous-access pens, representing 22% reduction across all social ranks. More importantly, continuous access to feeding stalls reduced skin lesions caused by fighting. Sows had lower skin lesion scores in continuous-access pens than sows in limited-access pens. These results suggest that continuous access to feeding stalls during the initial period of mixing benefit sows in all social ranks. This study demonstrated that low-ranking sows used feeding stalls as hiding spaces to escape from aggression during mixing, which improved the well-being of not only low-ranking sows but also all sows in the pen.
Effect of maternal social rank on the welfare and performance of offspring
The current study demonstrated that behavioral characteristics of low-ranking sows did not reflect on their offspring during the suckling period. Low-ranking sows fought less and lost more fights than high-ranking sows during gestation. However, piglets born to low-ranking sows fought as frequently as piglets born to high-ranking sows. Furthermore, they won more fights than piglets born to high-ranking sows. As the heritability of aggression in pigs is moderate (h 2 = 0.17−0.43; Lovendahl et al. 2005; Turner et al. 2009 ), one may expect sows to pass aggressiveness to their piglets ). However, aggression in sows can also be influenced by their experience and other sows in the pen (Hoy et al. 2009b) . Hemsworth et al. (2013) demonstrated that aggression in a sow varied from parity to parity, suggesting that previous experience and penmates affected aggression of sows. For example, when a low-ranking sow has realized that she could not win the fight from previous experience, she might try to avoid fighting, resulting in fewer fights for that sow. These experiences could not be observed and learned by her piglets. This may partly explain why piglets born to low-ranking sows did not fight less than piglets born to high-ranking sows.
In the current study, we did not observe the effect of maternal social rank on growth performance of offspring during the suckling period. In contrast to our results, Kranendonk et al. (2007) reported that lowranking sows farrowed and weaned lighter pigs than high-ranking sows. In the group-farrowing system used in the current study, the growth performance of piglets during the suckling period was affected by piglets' ability to compete for milk at nursing. According to our observations on aggression among piglets at mixing, we expected that piglets born to low-ranking sows should have at least similar competitive ability as piglets born to high-ranking sows. Piglets from low-ranking sows should have obtained as much milk, resulting in similar growth rate as piglets from high-ranking sows. As a result, piglets born to low-ranking sows performed as well as piglets born to high-ranking sows in this study.
In summary, in the group gestation housing system studied, low-ranking sows used feeding stalls as hiding spaces to escape from fighting during the initial mixing period when fighting was intense. Continuous access to feeding stalls during mixing reduced the total number of aggressive interactions among sows, resulting in reduced skin lesions caused by fighting and improved welfare of sows. Neither access to stalls nor social rank affected the farrowing performance of sows. Lowranking sows were less involved in aggressive interactions, but this behavioral characteristic of low-ranking sows did not reflect on their offspring.
